5 complex di--carbonyl-tricarbonyl [2,8,9-tris(pyridin-2-ylmethyl)-2,5,8,9-tetraaza-1-phosphabicyclo[3.3.3] . The Ni-Fe bond length is 2.4828 (4) Å , similar to that of the reduced form of the active site of NiFe hydrogenase ($2.5 Å ). Additionally, a proximal pendant base from one of the non-coordinating pyridine groups of TPAP is also present. Although involvement of a pendant base has been cited in the mechanism of NiFe hydrogenase, this moiety has yet to be incorporated in a structurally characterized synthetic mimic with key structural motifs (terminally bound CO or CN ligands on Fe). Thus, the title complex NiFe(TPAP)(CO) 5 is an unique synthetic model for NiFe hydrogenase. In the crystal, the complex molecules are linked by C-HÁ Á ÁO hydrogen bonds, forming undulating layers parallel to (100). Within the layers, there are offset -[intercentroid distance = 3.2739 (5) Å ] and C-HÁ Á Á interactions present. The layers are linked by further C-HÁ Á Á interactions, forming a supramolecular framework.
The reaction of Ni(TPAP)(COD) {where TPAP = [(NC 5 H 4 )CH 2 ] 3 P(NC 2 H 4 ) 3 N} with Fe(CO) 5 resulted in the isolation of the title heterobimetallic NiFe(TPAP)(CO) 5 complex di--carbonyl-tricarbonyl [2,8,9-tris(pyridin-2-ylmethyl)-2,5,8,9-tetraaza-1-phosphabicyclo[3.3.3 ]undecane]ironnickel, [FeNi(C 24 . The Ni-Fe bond length is 2.4828 (4) Å , similar to that of the reduced form of the active site of NiFe hydrogenase ($2.5 Å ). Additionally, a proximal pendant base from one of the non-coordinating pyridine groups of TPAP is also present. Although involvement of a pendant base has been cited in the mechanism of NiFe hydrogenase, this moiety has yet to be incorporated in a structurally characterized synthetic mimic with key structural motifs (terminally bound CO or CN ligands on Fe). Thus, the title complex NiFe(TPAP)(CO) 5 is an unique synthetic model for NiFe hydrogenase. In the crystal, the complex molecules are linked by C-HÁ Á ÁO hydrogen bonds, forming undulating layers parallel to (100). Within the layers, there are offset -[intercentroid distance = 3.2739 (5) Å ] and C-HÁ Á Á interactions present. The layers are linked by further C-HÁ Á Á interactions, forming a supramolecular framework.
Chemical context
Rare and expensive metals such as Pt are often used to catalyze the production and oxidation (for utilization in fuel cells) of H 2 . Because of this, the production and utilization of H 2 for clean energy applications has motivated scientists to produce efficient and cheap H 2 evolution catalysts. In nature, hydrogenase enzymes catalyze the reversible production and oxidation of H 2 with the metals, Ni and Fe (Lacasse & Zamble, 2016) . Inspired by nature, this work aimed to structurally mimic the active site of the NiFe hydrogenase enzyme (KaurGhumaan & Stein, 2014) . NiFe hydrogenase contains an NiFe active center, where Fe is coordinated with three different types of ligand (C O, C N, and a sulfur atom) while Ni is coordinated by four cysteine residues. The C O, C N and the sulfur-atom ligands play a role in maintaining the oxidation state of Fe II and stabilizing the oxidation state changes of the Ni ion during the catalytic cycle (Behnke & Shafaat, 2016) . In our previous work, the transannular interaction of bridgehead N and P atoms in the tri(pyridylmethyl)azaphosphatrane (TPAP) ligand was investigated for the stabilization of metal ions in different oxidation states (Thammavongsy et al., 2018) . ISSN 2056-9890 A recent study by Johnson and co-workers found that the transannular interaction in azaphosphatranes plays a potential role in Pd cross-coupling reactions, where the oxidative addition event 'is promoted due to electron donation to the metal center from transannulation' (Matthews et al., 2018) . The transannular interaction in TPAP could play a similar role in stabilizing the Ni ion. Additionally, a study by Armstrong and collaborators found a conserved arginine residue was vital for catalysis in NiFe hydrogenase (Evans et al., 2016) . They propose the guanidine base of arginine participates in activation of H 2 . As a result of this conserved motif, incorporation of pendant bases into the ligand design of synthetic models of NiFe hydrogenase is important, but has been rarely observed in reported synthetic models of NiFe hydrogenase (as opposed to those of FeFe hydrogenase). In the title complex, NiFe(T-PAP)(CO) 5 , whose synthesis is illustrated in the reaction scheme below, the TPAP ligand features a pendant pyridine base, providing a close structural mimic of the NiFe hydrogenase enzyme.
Structural commentary
The title heterobimetallic NiFe(TPAP)(CO) 5 complex ( Fig. 1) , displays two bridging CO molecules between the Ni and Fe metal centers. Selected bond lengths and bond angles are given in Table 1 . The Fe 0 center shows a five-coordinate pseudo square-pyramidal geometry comprising three terminally bound CO and two bridging CO molecules. The 5 value of the Fe 0 atom is 0.40, where = 0 represents an ideal square pyramidal and 1 represents an ideal trigonal-bipyramidal geometry (Addison et al., 1984) . The Ni 0 center is also coordinated by the two bridging CO molecules and the TPAP ligand, where the two nitrogens from two pyridines and the phosphorus of the azaphosphatrane are coordinated. The Ni 0 ion displays a five-coordinated square-pyramidal geometry with a 5 value of 0.06. The bond lengths of the CO molecules bridging between the Ni and Fe ions are 1.1821 (16) and 1.1754 (17) Å for O1-C25 and O2-C26, respectively. These bond lengths are longer than the terminally bound CO molecules on Fe, which are 1.1509 (17), 1.148 (2) and 1.1531 (19) Å for O3-C27, O4-C28 and O5-C29, respectively. The shorter bond distances in the bridging CO molecules is indicative of -back-bonding from the two metal centers to the bridging CO ligands. The Ni-Fe bond length is 2.4828 (4) Å , similar to the Ni-Fe bond length ($2.5 Å ) in the reduced state of NiFe hydrogenase (Garcin et al., 1999) . The distance between atoms P1 and N1 in TPAP is 3.2518 (13) Å , consistent with a fully relaxed, pro-form of azaphosphatrane (Verkade, 1993) . One pyridine group from TPAP is uncoordinated to the Ni or Fe metals. Atom N5 of the non-coordinating pyridine is not facing directly towards the metal ions, resulting in an approximate distance of 5.61 and 5.93 Å from Ni and Fe, respectively. In comparison, the arginine side chain lies less than $4.5 Å from both the Ni and Fe in NiFe hydrogenase (Evans et al., 2016) .
Supramolecular features
In the crystal, complex molecules are linked by C-HÁ Á ÁO hydrogen bonds and C-HÁ Á Á interactions, forming undulating layers parallel to the bc plane (Table 2 and Fig. 2 ). Within the layers there are offset -interactions present involving inversion-related N6/C14-C18 pyridine rings (centroid Cg7): Cg7Á Á ÁCg7 ii = 3.6631 (9) Å , interplanar distance = 3.2739 (5) Å , offset = 1.643 Å , symmetry code: (ii) Àx + 2, Ày + 2, Àz + 1 (Fig. 3) . The layers are linked by further C-HÁ Á Á interactions, forming a supramolecular framework (Table 2 and Fig. 3 ). Figure 1 The molecular structure of complex NiFe(TPAP)(CO) 5 , with atom labelling. The displacement ellipsoids are drawn at the 50% probability level. For clarity, the hydrogen atoms have been omitted. (Carroll et al., 2011) , UQAJAZ (Manor & Rauchfuss, 2013) and YOKWIE (Walther et al., 1995) ; see Table S1 in the supporting information] do not feature a pendant base, which has been demonstrated by Armstrong and collaborators to play a key role in the function of NiFe hydrogenase (Evans et al., 2016) . Structural models of NiFe hydrogenase that incorporate a pendant base but lack the three terminally bound CO or CN ligands of the NiFe hydrogenase active site can be found here [CSD refcodes: EJUSEJ and EJUSUZ (Sun et al., 2016) , FOTKOP (Tanino et al., 2009) and QEKLAT (Liaw et al., 2000) ; see Table S2 in the supporting information].
Synthesis and crystallization
The synthesis of NiFe(TPAP)(CO) 5 is summarized in the reaction scheme. As it is air-and moisture-sensitive, all solvents (except for C 6 D 6 ) were first purged with argon and dried using a solvent purification system. Iron 0 pentacarbonyl was purchased from Sigma-Aldrich and used without further purification. Ni(TPAP)(COD) was synthesized according to an established procedure (Thammavongsy et al., 2018) . 1 H and 31 P NMR spectra were recorded on a Bruker AVANCE 600 MHz and were referenced to the residual protio solvent peak (except for 31 P, which was referenced to the absolute frequency of 0 ppm in the 1 H dimension according to the Xi scale). Infrared (IR) absorption of the solid NiFe(TPAP)(CO) 5 was taken on a Thermo Scientific Nicolet iS5 spectrophotometer with an iD5 ATR attachment. Elemental analyses were performed on a PerkinElmer 2400 Series II CHNS elemental analyzer.
In a glove box, a solution of TPAP (61.2 mg, 0.136 mmol) in 3 ml of tetrahydrofuran was added to a solution of bis(1,5-cyclooctadiene)nickel (0) (Table 2) . Only the H atoms (grey and red balls) involved in these interactions have been included. The pyridine rings involved in offset -interactions are shown in red. Table 2 Hydrogen-bond geometry (Å , ).
Cg6 and Cg7 are the centroids of pyridine rings N5/C8-C12 and N6/C14-C18, respectively. 
Figure 2
A view along the a axis of the crystal packing of complex NiFe(TPAP)(CO) 5 . The hydrogen bonds are shown as cyan dashed lines and the -interactions as red arrows (Table 2) . Only the H atoms (grey and red balls) involved in these interactions have been included. The pyridine rings involved in offset -interactions are shown in red.
hydrofuran. The solution immediately turned dark forest green and was stirred for 1 h at room temperature. To this solution, iron(0) pentacarbonyl (26.6 mg, 0.136 mmol) in 3 ml of tetrahydrofuran was added. The solution turned dark orange-brown and was stirred for 1 h. The solvent was removed under vacuum and re-dissolved in diethyl ether. The re-dissolved product was filtered through a glass disposable Pasteur pipette packed with a 25 mm glass microfiber filter and celite (3 cm). The method of crystallization is illustrated in Fig. 4 and lead to the formation of pink block-like crystals of the title complex (52% yield).
The compound is diamagnetic and was characterized by 
Refinement
Crystal data, data collection and structure refinement details are summarized in Table 3 . The hydrogen atoms were fixed geometrically and allowed to ride on their parent atoms: C-H = 0.95-0.99 Å with U iso (H) = 1.2U eq (C). program(s) used to solve structure: SHELXT2014 (Sheldrick, 2015a); program(s) used to refine structure: SHELXL2014 (Sheldrick, 2015b); molecular graphics: SHELXTL (Sheldrick, 2008) and Mercury (Macrae et al., 2008) ; software used to prepare material for publication: SHELXTL (Sheldrick, 2008) and PLATON (Spek, 2009 ).
Di-µ-carbonyl-tricarbonyl[2,8,9-tris(pyridin-2-ylmethyl)-2,5,8,9-tetraaza-1-phosphabicyclo[3.3.3]undecane]ironnickel
Crystal data Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Refinement. A pink crystal of approximate dimensions 0.230 x 0.342 x 0.354 mm was mounted in a cryoloop and transferred to a Bruker SMART APEX II diffractometer. The APEX2 program package was used to determine the unitcell parameters and for data collection (30 sec/frame scan time for a sphere of diffraction data). The raw frame data was processed using SAINT and SADABS to yield the reflection data file. Subsequent calculations were carried out using the SHELXTL program. The diffraction symmetry was 2/m and the systematic absences were consistent with the monoclinic space group P21/c that was later determined to be correct. The structure was solved by dual space methods and refined on F2 by full-matrix least-squares techniques. The analytical scattering factors for neutral atoms were used throughout the analysis. Hydrogen atoms were included using a riding model. Least-squares analysis yielded wR2 = 0.0645 and Goof = 1.039 for 397 variables refined against 7655 data, R1 = 0.0249 for those 6933 data with I > 2sigma(I). Symmetry codes: (i) x, −y+3/2, z−1/2; (ii) −x+2, −y+2, −z+1; (iii) x+1, y, z; (iv) −x+2, −y+1, −z+1.
Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (

